To create a partial rocking mode in a building structure during an earthquake, two or more rigid cores with joint connection to the foundation, and capable of moving in the two main directions of the building's plan, can be used. A rigid core with a hinge connection to the foundation is essentially unstable. However, two rigid cores can be connected together by springs and dampers in certain floors to create a stable structure. At the same time, the structure shows a rocking behavior in which the building moves almost as a rigid body. In fact, the effects of all modes other than the fundamental one is almost eliminated. The use of yielding or friction dampers leads to permanent displacements in the structure in an earthquake. Therefore, in this study pre-compressed springs were employed, which do not create any permanent displacement. The pre-compressed springs were used to provide the structure with initial stiffness and prevent any displacement by small forces. Since an elastic spring does not have any damping, it was decided to control the structural displacements by viscous dampers in certain floors. Finally, the proposed structure underwent static and time-history analyses in plastic range, and the results suggested the desirable behavior of the proposed structure. In particular, there were no permanent displacements left in the structure after the earthquake.
Introduction
Housner was the first researcher who worked on rocking motion of buildings' foundations [1] . Later, Clough [2] , Chopra [3] , Psycharis [4] and Priestly [5] conducted analytical and experimental studies on the rocking behavior of building systems, and got similar results. Azuhata and Midorikawa [6] and also Midorikawa and Azuhata [7, 8] studied on rocking motion of buildings and tested a half-scale 3-story steel building with yielding base plates on shake table, and compared its behavior with that of a fixed base building, and expressed the appropriate effect of allowed uplift. Eatherton performed large-scale cyclic and hybrid simulation tests and developed a kind of controlled-rocking steel building system with replaceable fuses [9] . Hosseini and Noroozinejad Farshangi introduced a kind of rocking motion by using telescopic columns [10] . Also, Hosseini and Ebrahimi worked on rocking mechanism of relatively tall buildings [11] . Tremblay and colleagues studied seismic retrofit of existing low-rise steel buildings in eastern Canada using rocking braced frame system [12] . Also Hosseini and colleagues introduced a kind of seesaw building with friction dampers in columns at the lowest story [13] , and Khalkhali and colleagues studied partitioned rocking buildings [14] , and also Hosseini and Nejati worked design of repairable regular steel buildings with square plan based on seesaw motion of building structure and using double ADAS (DADAS) dampers [15] .
It is crucial to design a structure capable of transitioning into the plastic range during an earthquake for two reasons: 1) reducing the building structural cost, 2) mitigating absolute acceleration -and thus minimizing the damage to non-structural components. Structures transition into the plastic range through various forms. For instance, transition into the plastic range occurs for concentrically brace frame (CBF) structures through plastic behavior of braces, for eccentrically brace frame (EBF) structures through plastic behavior of link beams and for moment structures through plastic behavior of beams at the beam-column connections.
The problem with all of the above configurations, however, is that an -floor non-torsional structure involves degrees of freedom in each main direction. It is nearly impossible to understand the plastic behavior of a structure with degrees of freedom, because earthquake is a random event. In fact, an accurately designed structure might still experience specific earthquakes where displacements are concentrated in certain floors, leading to premature collapse.
In this paper, a new plastic behavior is proposed for a structure with degrees of freedom within the plastic range accurately converting it into a structure with one degree of freedom.
Overview of the newly proposed system
In the proposed method a part of the structure (called rigid core) involves a rocking motion. The rest of the structure is connected by joints to the rigid cores. In the newly proposed method, it is essential to include one or multiple relatively rigid core(s) inside the structure so it can oscillate according to a specific known mode. Moreover, the rigid core is connected to the foundation through a joint. In this configuration, the structure oscillates almost a rigid body, leading to nearly proportional displacements of all floors. In practice, at least two rigid cores (either braced frames or shear walls) are assigned preferably to each side of the building by connecting the joint to foundation for each of the two main directions. Hence, the structure behaves similarly to an inverted pendulum with a joint connection to the ground and a rotational spring showing an inelastic behavior. Nonetheless, force can be applied to the rigid cores in the middle sections by putting two rigid cores adjacent to one another as well as a spring and damper (viscous, visco-elastic, friction, yielding, or link beam, etc.) between the two rigid cores in the middle floors. It should be noted, however, that the rigid cores should be designed to show a fully elastic behavior throughout the earthquake. The inelastic behavior of structures arises from link beams or internal dampers. Fig. 1 displays the idealized configuration for this structure: As for actual structures, such rigid core with joint connection to the foundation can be created by one or two bracing spans or one or two spans of steel or concrete shear wall (a steel shear wall is preferred over concrete shear wall owing to its lightness). Fig. 2 illustrates a 15-story frame of the proposed structure, where two rigid cores have been connected to each other by pre-compressed springs and viscous dampers inside the spring in floors 4, 6, 8, 10, 12 and 14. a) b) Fig. 2 . a) The 15-story rocking structure before and b) after lateral deformation In Fig. 2 the support is displaced from the middle of the rigid core to the side due to widened distance between the supports of the rigid core. This, in turn, mitigates the vertical support response in the rigid core just as the shear force exerted on the link beams between the two rigid cores diminishes according to the span length. Hence, it is highly desirable to include the support at external side of the rigid core.
Advantages of the newly proposed system
The new system offers five advantages, including: • It converts a structure with degrees of freedom in each main direction into a structure with nearly one degree of freedom. This can substantially resolve the problem of uncertain effect of an earthquake on structural behavior, while providing an easier understanding of how the structure behaves and how to better control the structural behavior.
• Given the involvement of a rigid core, the relative displacements are identical on all floors at high accuracy. This, in turn, prevents the displacements from being concentrated in any of the floors, i.e. a soft floor.
• Owing to the rigid core, if one or several springs or dampers are damaged or crushed, the affected floors will not experience failure because the loads of the damaged components are transferred by the rigid core to springs or dampers in other floors, keeping the structure stable. In other words, the rigid core will significantly reduce the premature and progressive collapse of the building. This is not the case in conventional buildings because a damaged floor can initiate a progressive failure in the entire structure.
• Since a rigid core operates within the elastic range, the building is not structurally damaged after the earthquake, the springs and dampers (if damaged) can be repaired at reasonable costs, and there will be no permanent displacement remained in the structure after the earthquake.
• Given the involvement of rigid cores, costs can be minimized by inserting springs and dampers in a few specific floors rather than all floors.
Selection of dimensions for the proposed structure, analysis and design
Each floor of the 15-story building is 3.3 meters high, and the structure involves 7 spans. The two spans on the left side and the two spans on the right side are 6 meters long, each of the two rigid cores is 8 meters long, and the middle span is 1 meter long (total span length of 41 meters). The pre-compression force of springs is obtained based on the lateral force exerted on the structure under the seismic force at service level according to Seismic Code 2800, Fourth Edition. This provides the structure with very small, elastic displacements during moderate earthquakes (with an acceleration of one-sixth of that of the design earthquake). Moreover, it can preserve the operational capabilities while preventing the pre-compressed springs from displacement. The project site was assumed to be in Tehran ( = 0.35), and the residential building has a factor of importance ( = 1), the fundamental period of = 1.1 sec, and soil classification type III ( = 1.90), resulting in:
The forces exerted on the pre-compressed springs, however, were specified as follows. According to Monograph 360 [16] , it is essential to consider two types of load distributions: 1 -load distribution according to the first mode (linear), 2 -uniform load distribution (constant). According to the author's examination, a linear load distribution can slightly disrupt the linear behavior of rigid cores, because the spring internal forces tend to be greater than uniform load distribution in upper floors, thus leading to significant axial deformation in the rigid core. When employing a uniform load distribution, however, the simultaneous involvement of plastic joints would be far more desirable. Therefore, the lateral seismic forces would be distributed uniformly across the building's elevation. At the next stage, the forces exerted on the springs were calculated for the lateral force distribution in a way that bending moment exerted on the rigid core (caused by external uniformly distributed forces and the internal pre-compressed spring force) was diminished. In this configuration, the rigid core would not experience substantial bending deformation. Furthermore, the cross-section of braces in the rigid core was specified based on the linear distribution of seismic forces. Hence, the shear deformation of rigid core (which was minimal against flexural deformation) remained constant. The two factors contributed to lower internal deformation in the rigid core, exhibiting a true rigid behavior. The general distribution of forces in the th story of the rocking building is as illustrated in Fig. 4 .
The required spring forces can be obtained by assuming that the bending moment around the center of the rigid core in specified floors (points A) is equal to zero:
(2)
In buildings with an even number of floors, the above equation applies to the force exerted on the spring in the lowest floor (Floor 1). As for buildings with an odd number of floors, however, the above equation does not apply to the force exerted on the spring in the lowest floor (Floor 2) ( Fig. 5 ). In this case it can be obtained by Eq. (3):
When the forces are uniformly distributed, an identical lateral force is exerted on all floors. Therefore, it can be obtained through the Eq. (4):
= .
(4) 
In case of buildings with an odd number of floors, the force exerted on springs on the second floor can be obtained through the Eqs. (7, 8) :
If , calculated by Eq. (1), is the base shear of operation level earthquake (sum of lateral forces exerted on the two rigid cores) and is the number of floors, then the identical lateral force, exerted on all floors, can be obtained through Eq. (9):
Eqs. (2-9) also apply to the configuration where the support is on the side, except that the sum of forces exerted on springs reduces proportional to the distance between the supports. The following table illustrates the proportions of forces on pre-compressed springs in the 15-story building in two configurations of support on the middle and support on the side for uniform distribution. According to Table 1 , the distance between supports is 9 meters in case of middle support, whereas it is 17 meters in case of side support. Hence, the sum of spring forces in the middle support mode amounts to 9/17 = 0.53. This implies that a few springs should be eliminated in the lower floors so that the sum of forces becomes equal to:
* 240 = 127.06.
In both cases of middle support and side support, the bending moment curve at the rigid core under uniform lateral load distribution is as shown in Fig. 6 .
As it can be seen in Fig. 6 , on each two successive floors, the values of negative and positive moments at the rigid core are equal. In spite of lateral forces, there will be a very slight curvature at the rigid core, which in turn substantially facilitates the linear deformation of the rigid core. The distribution of pre-compressed spring forces and stiffness levels, and distribution of damper coefficients are proportional to the values given in Table 1 for the side support. The newly proposed 15-story building was examined initially based on a reference structure. In this reference structure, the pre-compressed spring forces were obtained based on the lateral force of operation level earthquake (distribution according to Table 1 ) and stiffness of pre-compressed springs was assumed to be 2 % of the structure's initial stiffness (distribution according to Table 1 ). The damping coefficients of viscous damper on the 14th floor are as follows: assuming = 1 tonf.s/cm. Table 1 displays the distribution of damping coefficients for other floors. After examining the reference structure, the effects of other factors on structural behavior will was investigated. This study involved several factors transforming and affecting the structural behavior, including: It should be noted that the force of viscous damper is obtained by Eq. (11):
A STUDY ON THE BEHAVIOR OF STRUCTURES BASED ON THE ROCKING MOTION OF RIGID CORES INVOLVING PRE-COMPRESSED SPRINGS AND VISCOUS DAMPERS. GHOLAMREZA LEGZIAN, BEHROKH HOSSEINI HASHEMI, MAHMOOD HOSSEINI where and represent, respectively, the damping coefficient and damping exponent of the viscous damper. The structure was analyzed by "SAP2000 Ver.19", where the model was "Multi Linear Elastic" for pre-compressed springs and "Damper Exponential" for viscous dampers.
Regarding that based on the available publications, there is no experimental or analytical work similar to the present research, for verification of the two used computer programs, employed for seismic analyses, the nonlinear behavior of a one-story building was analyzed by both computer programs and the results were compared as shown in Fig. 7 . Also, the time history responses of the building obtained by the two programs were compared as presented in Fig. 8 .
Static inelastic analysis of the proposed reference structure
According to Monograph 360, the proposed reference was analyzed under two loading configurations based on the first mode and uniform distribution. The results suggested that the pre-compressed springs slipped almost simultaneously in all floors (about 10 % difference in displacement). The structure can accommodate any amount of displacement on the roof, whereas the target displacement is maximum 27 cm. The "displacement-base shear" curve in the first loading mode is as Fig. 9 . As indicated in the Fig. 9 , the structure yields on the curve at a sharp point. This reflects the fact that springs have slipped simultaneously. Such event increases the spring forces at a constant rate. Hence, the logic governing the distribution of forces toward zero bending moment exerted on the rigid core would be always held true. In fact, the rigid-span bending moment will remain zero throughout the analysis. Table 2 displays the relative lateral displacement of floors (in cm) for rotations of 0.01, 0.02, 0.03 and 0.04 radians under the first mode as well as uniform JOURNAL OF VIBROENGINEERING. DECEMBER 2019, VOLUME 21, ISSUE 8 distributions. Table 2 shows that the maximum difference in relative displacement of floors is 6.1 %. This implies that the rigid core has served its purpose desirably. The lateral displacement curves for the floor under the first loading mode are displayed in Fig. 10 . 
Dynamic inelastic analysis of the proposed reference structure
In this section the dynamic inelastic analysis is addressed as a more accurate and more realistic method. This analysis involved 4 Iranian accelerograms, 6 well-known accelerograms and 5 artificial accelerograms for soil type III (a total of 15 accelerograms). The earthquake names, maximum accelerations, velocities and displacements of the accelerograms for maximum acceleration of 1.0 g are as Tables 3, 4 . The structural responses were evaluated subjected to accelerograms of different PGA values of 0.25 g, 0.5 g, 0.75 g, 1.0 g, 1.25 g and 1.5 g. The results are as follow. 
Displacement curves
The displacement time histories for building floors 1, 3, 5, 7, 9, 11, 13 and 15 of the building were obtained for all 90 cases of dynamic inelastic analysis. For instance, three of the displacement curves are shown in Figs. 11-13. Fig. 11 . Displacement histories for floors number 1, 3, 5, 7, 9, 11, 13 and 15 in case of Tabas earthquake (1978) scaled to PGA = 0.75 g The curves in Figs. 11-13 indicate that all floors of the building have displaced in coordination. In fact, the floors meet zero displacement and maximum and minimum displacements together, reflecting the structural behavior under an almost rigid body mode. In other words, Figs. 11-13 indicate that the rigid core has performed desirably. Hence, no drift concentration occurs in the building's floors. Furthermore, Figs. 11-13 suggest that the structure returns to its initial state after the earthquake, where there are no permanent displacements. Given the high pre-compressive force in springs, the structure will return even if the walls and non-structural components are damaged. It should be noted that these features were observed in all 90 cases of analysis. Fig. 13 . Displacement histories for floors number 1, 3, 5, 7, 9, 11, 13 and 15 in case of the artificial scaled to PGA = 0.75 g
Rotation in the building floors
The rotation percentages of the building's roof, which is equal to the ratio of maximum roof lateral displacement to the building's height, and is same as the rotation of all building's floors, in case of dynamic inelastic analysis for all 90 earthquake accelerograms are shown in Tables 5, 6. As shown in Table 5 , the average rotation of the building for the 10 actual employed earthquakes, scaled to PGA = 0.75 g, is 1.28 %.
As shown in Table 6 , the average rotation of the building for the 5 artificial employed earthquakes, scaled to PGA = 0.75 g, is 2.69 %. Fig. 14 displays the rotation values for the 5 artificial earthquakes, which have resulted in higher response values comparing to the actual earthquakes.
According to Fig. 14, the relationship between the earthquake peak acceleration and the building's rotation is almost linear. 
Base shear
In Fig. 15 , variation of the maximum roof displacement with respect to the seismic base shear for PGA values of 0.25 g, 0.50 g, 0.75 g, 1.00 g, 1.25 g, 1.50 g for the 5 artificial earthquake accelerograms are shown.
According to Fig. 15 , the curves have a little steeper slope at low acceleration values, comparing with the higher accelerations. Fig. 16 illustrates the curve for pre-compressed springs' forces with respect to the PGA value of earthquake.
According to Fig. 16 , an increase in earthquake acceleration leads to greater spring force with an almost bi-linear behavior. According to Fig. 17 , an increase in earthquake acceleration leads to spring force with an almost linear relationship. 
Force exerted in dampers

Effects of stiffness of pre-compressed spring of the reference building on displacements and forces
The previous items all concerned the reference building. However, this section explores the effects of the stiffness value on the roof displacement, base shear and spring and damper forces. Table 7 provides the average results for the 5 artificial accelerograms at with a PGA value of 0.75 g. It should be noted that the third row of the table concerns the reference building. According to Table 7 an increase in the stiffness of the pre-compressed spring leads to the followings: 1) Reduction of the maximum roof displacement up to 20.6 %. 
Effects of damping coefficient of the damper on displacements and forces
This section explores the effects of variation of the damping coefficient in the reference building on the roof displacement, base shear and spring and damper forces. Table 8 provides the average results for the 5 artificial accelerograms with a PGA value of 0.75 g. It should be noted that the third row of the table concerns the reference building According to Table 8 , an increase in damping coefficient leads to the followings: 1) Reduction of the maximum roof displacement up to 70.8 %.
2) Reduction or increase of the maximum base shear of the building up to 4.5 %.
3) Reduction of the maximum spring forces up to 42.8 %. 4) Increase of the maximum damper forces up to 222.5 %.
Effects of damping exponent of the damper on displacements and forces
This section explores the effects of variation of the damper's damping exponent in the reference building on roof displacement, base shear and spring and damper forces. Table 9 provides the average results for the 5 artificial accelerograms with a PGA value of 0.75 g. It should be noted that the third row of the table concerns the reference building. According to Table 9 , an increase in damping exponent leads to the followings: 
Conclusions
Based on nonlinear static as well as time history analyses by using 10 well-known accelerograms and 5 artificial accelerograms the following conclusions can be made:
• The target displacement of the structure was 27 cm, whereas tolerable displacement is theoretically unlimited.
• The pre-compressed springs began to slip in all floors simultaneously either in static or dynamic analyses. Such event changes the spring forces at a constant rate. Hence, the logic governing the distribution of forces which leads to zero bending moment exerted on the rigid core will always hold true. In fact, the rigid-span bending moment remains zero throughout the analysis.
• Lateral deformation of the structure occurred with a constant slope, so that the relative deformations of all floors were identical at a high accuracy. In fact, the rigid core served its purpose desirably, because the relative displacements of floors were equal, and there was no possibility for the drift to be concentrated in any of the building floors, preventing the building from premature collapse.
• Springs and dampers exhibited great capacities owing to their intrinsic characteristics as well as the equal distribution of drift along the height, preventing its concentration.
• The structure returned to its initial position after the earthquake, with no permanent displacement. Given the high pre-compression force in springs, the structure will return even if some non-structural components are damaged.
• By increasing the pre-compressed spring stiffness floor displacements decrease, while the base shear and springs forces increase.
• Increasing the damping coefficient of the dampers only leads to higher damper forces, while decreases the floors' displacements and springs forces.
• An increase in the damping exponent increases the floors' displacements as well as springs and dampers forces.
